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of an apyrimidinic site). In a symmetri-
cally methylated CpG, deamination of 
both strands would give rise to a TG/
GT double mispair. Is this a substrate 
for Mbd4? If yes, it might be processed 
by the AP endonuclease to generate a 
double-strand break, and this would 
almost certainly result in a loss of the 
microinjected substrate. The apparent 
absence of degradation suggests that 
the deamination events must be con-
secutive rather than concurrent, but 
would the Apobecs deaminate meC in a 
hemimethylated CpG? Most importantly, 
Apobecs deaminate cytosine much 
more efficiently than meC, and Mbd4 
removes uracil from G/U also more rap-
idly than thymine from G/T (Hendrich 
et al., 1999). So why wasn’t the micro-
injected substrate degraded? And why 
wasn’t the substrate substantially muta-
genized when Mbd4 was downregulated 
by a short-interfering RNA?
Other questions concern the pheno-
type of Mbd4-deficient cells. Given the 
deleterious consequences of perturba-
tions in DNA methylation during devel-
opment, it might be anticipated that a 
fertilized egg unable to demethylate the 
paternal nucleus (Oswald et al., 2000) 
would not develop into a viable organ-
ism. Yet, mice lacking Mbd4 are born 
healthy. This suggests that, at least in 
higher organisms, there is a redundant 
activity that compensates for the lack of 
Mbd4, such as the other thymine DNA 
glycosylase, TDG. And what about the 
XPG endonuclease implicated in the pro-
cess observed by Niehrs and colleagues 
(Barreto et al., 2007)? It is also surprising 
that none of the mechanisms implicating 
the deamination of meC to thymine fol-
lowed by thymine excision and substitu-
tion with deoxycytidine actually showed 
that the latter nucleotide is indeed incor-
porated into the demethylated DNA.
In sum, the experiments described in 
the detailed and extensive study by Rai 
et al. are highly convincing yet leave a 
feeling that there is a great deal more 
to the observed demethylation process 
than suggested by the simple three-pro-
tein scheme. We look forward to what 
future experiments will reveal about the 
uncertainties concerning DNA cytosine 
demethylation in vertebrates.
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Packaging of viral genomes into virus capsids requires powerful motors to overcome the repul-
sive force that builds as the nucleic acids are compressed. Through structural analyses of the T4 
bacteriophage packaging motor gp17, Sun et al. (2008) now propose a packaging mechanism 
in which electrostatic forces cause the motor to alternate between tensed and relaxed confor-
mational states.In cells, motor-driven movement usually 
occurs by transformation of chemical 
energy stored as ATP into mechani-
cal energy through the activity of an 
ATPase domain (Rayment et al., 1993). The trick to understanding these molec-
ular motors is to envision how the free 
energy released from hydrolysis of the 
ATP bond between the β and γ phos-
phates is coupled to work performed Cell 135, Deby the attached functional modules. 
Although these modules vary between 
different motors, the underlying struc-
tural biochemistry involved in the cou-
pling process may be more general. In cember 26, 2008 ©2008 Elsevier Inc. 1169
this issue, Sun et al. (2008) determine 
the mechanism of function of the T4 
bacteriophage packaging motor, one 
of the most powerful molecular motors 
known, using a combination of X-ray and 
electron microscopic methods. Their 
provocative model describes the move-
ment of the T4 bacteriophage motor at 
a molecular level and defines the basis 
for its ability to package DNA into the 
virus procapsid. This new work is likely 
to have general implications as nucleic 
acid translocation enzymes are cen-
tral to cellular function and participate 
figure 1. DnA Packaging in the T4 Bacteriophage
(A) The pentameric protein gp17 of the T4 bacteriophage is a packaging ATPase motor for double-strand-
ed DNA (dsDNA). gp17 is composed of an N-terminal ATPase domain (blue spheres) and a C-terminal 
nuclease domain (brown). ATP-dependent packaging compresses the T4 genome to high densities.
(B) gp17 structures and schematic (inset) of two experimentally observed conformational states. The X-
ray structure (right, tensed state) and model derived from fitting of atomic structures to EM density (left, 
relaxed state) imply that a 7 Å translocation movement driven by electrostatic forces moves the DNA 
toward the procapsid by two base pairs per cycle of ATP hydrolysis.1170 Cell 135, December 26, 2008 ©2008 Elsevier Inc.in many essential processes, including 
chromosome segregation, DNA replica-
tion and repair, and transcription.
For most bacteriophages and some 
eukaryotic viruses, ATPase motors load 
preassembled procapsid particles with 
viral genomes in a process known as viral 
packaging. Akin to the process of stuffing 
a small sack with an oversized sleeping 
bag, viral packaging motors exert strong 
forces to induce rapid condensation of 
negatively charged nucleic acids to near-
crystalline densities in order to force 
the nucleic acids through small chan-
nels formed at vertices of the procapsid 
(Petrov and Harvey, 2007) (Figure 1A). To 
balance the extreme charge repulsion 
and high entropic penalties of confining 
double-stranded DNA (dsDNA) to the 
procapsid, the tailed T4 bacteriophage 
uses forces of up to 60 picoNewtons and 
high DNA translocation rates (700 to 2000 
bp/s) to package its ?170 kbp dsDNA 
genome into the procapsid within 2–4 
min (Fuller et al., 2007). In addition to the 
capsid proteins, in vivo DNA packaging 
by the T4 bacteriophage (a prototypical 
dsDNA virus) also requires the T4 gene 
products gp20, gp17, and gp16. The gp17 
N terminus bears structural homology to 
the RecA family of ATPases and is divided 
into two subdomains, with the nucleotide 
binding Walker A and Walker B motifs 
located at the subdomain I-subdomain 
II interface (Sun et al., 2007) (Figure 1B). 
As a means of terminating the packaging 
process, the gp17 C terminus contains an 
RNaseH-related nuclease domain that 
cleaves packaged DNA when triggered 
by a capsid “headful” signal. gp16, which 
is dispensable for in vitro packaging, 
stimulates the ATPase activity of gp17 by 
50-fold. Despite the central importance of 
packaging motors in virology, the chemo-
mechanical mechanisms underlying the 
packaging process have remained mys-
terious because of the dearth of com-
plete atomic structures of assembled 
viral packaging motors. Sun et al. (2008) 
now present structures of the intact T4 
gp17 ATPase/nuclease, along with sup-
porting mutagenesis analysis and single 
particle cryo-electron microscopy (cryo-
EM) reconstructions of gp17 bound to T4 
procapsids and substrate DNA. Using 
these data, the authors define distinct 
gp17 conformational states that imply an 
unexpected DNA packaging mechanism 
based on a large-scale, reversible intra-
molecular association of the gp17 nucle-
ase and ATPase domains.
The authors crystallized the nuclease 
domain from a related phage (RB49) 
and the near full-length T4 gp17 protein 
in the context of a Walker B mutation 
that facilitates crystallization by lock-
ing the protein conformational state. 
Two critical observations emerge from 
the X-ray structures. First, the nucle-
ase domain associates with the ATPase 
domain by wedging into the groove at 
the ATPase interface of the N-terminal 
subdomains I and II (Figure 1B). Intra-
molecular nuclease-ATPase contacts 
occur through a small hydrophobic 
core flanked by an array of complemen-
tary intersubunit salt bridges that are 
strictly conserved among related phage 
packaging enzymes. Second, on the 
C-terminal domain, there is a probable 
DNA translocation interaction surface 
that is distinct from the region required 
for nuclease activity. Sun et al. further 
determined single-particle cryo-EM 
reconstructions of procapsid-bound 
gp17 to understand how it is assembled 
at the capsid vertex. Image process-
ing suggests that gp17 exists as two 
stacked pentameric rings, establishing 
this protein as a unique 5-fold sym-
metrical molecular motor. The authors 
use computational docking of isolated 
ATPase and nuclease gp17 domains 
to provide unbiased fitting of the pro-
tein structures to the cryo-EM data. 
They obtained a single docking solution 
that preserves the overall orientation 
parameters observed between the gp17 
ATPase and nuclease crystal structures, 
with the proposed DNA translocation 
surface facing the inside of the channel 
through which DNA passes. 
Key deviations of the cryo-EM model 
from the gp17 crystal structure revealed 
that the C-terminal domain center of 
mass was offset by ?7 Å along an axis 
parallel to the T4 portal, a shift that 
would be appropriate for driving trans-
location of DNA into the procapsid (Fig-
ure 1B). Because two related phages 
(Φ29 and T3) translocate two DNA base 
pairs per ATP hydrolysis cycle and each 
base step of B-form DNA measures 
?3.4 Å in length, the authors postu-
late that the two states of gp17 repre-
sent physiologically relevant forms of the ATPase. They propose that gp17 
occurs in a fully extended (relaxed) form 
and a compacted (tensed) form during 
the DNA translocation cycle. Further, 
because the intramolecular ATPase-
nuclease subunit interactions in the 
X-ray structure are predominantly medi-
ated by complementary electrostatic 
interactions, the authors hypothesize 
that the driving force between relaxed 
and tensed states relies on columbic 
attraction between the gp17 ATPase 
and nuclease domains. Thus, similar to 
what has been proposed for ATPases 
such as Rad50 (Hopfner et al. 2000, Wil-
liams et al. 2007), small conformational 
changes in the engine arrange and align 
conserved motifs, which drive the larger 
conformational switch to perform work. 
For gp17, the rotation of an ATPase sub-
domain may structurally rearrange con-
served charged residues, thereby align-
ing them with complementarily charged 
residues in the C-terminal domain (Fig-
ure 1B).
The authors also provide further sup-
port for their T4 motor model by identify-
ing mutants in the putative DNA binding 
and ATPase-nuclease interfaces that 
block DNA packaging. Also consistent 
with the model are previous biochemi-
cal observations that revealed a require-
ment for a physical connection between 
the gp17 ATPase and nuclease domains 
in DNA packaging (Kondabagil et al., 
2006). Although these data together sug-
gest that the ATPase-nuclease linkage 
somehow coordinates the packaging 
cycle, the precise mechanism for ATP-
dependent coordination between tensed 
and relaxed states remains speculative, 
as the observed X-ray structures are in 
the context of Walker B motif mutations 
that may artificially lock gp17 in nonna-
tive conformations.
Overall, the exciting model presented 
by Sun et al. provides a provocative 
and significant alternative to a model 
established by characterization of hexa-
meric Φ12 RNA packaging translocases 
(Mancini et al., 2004). For instance, in 
comparison to models where ATPase 
hydrolysis is propagated around the Φ12 
hexamer by an intersubunit trans-acting 
arginine finger, the authors propose 
that propagation of ATP hydrolysis in 
the gp17 pentameric assembly uses the 
symmetrical positioning of the advanc-Cell 135, Deing DNA duplex that moves two base 
pairs per ATP hydrolysis step (one-fifth 
of a dsDNA duplex turn) each time the 
gp17 electrostatic pump cycles. Such 
“baton-passing” and substrate-medi-
ated propagation of an ATP hydrolysis-
competent state around the gp17 ring 
appears to be well optimized to exploit 
the structure of canonical B-form DNA 
for efficient mechanical transfer. Power 
strokes from all five of the gp17 proteins 
in the ring will result in the packaging of 
one turn of B-form DNA before resetting 
the relative conformation of DNA to the 
beginning so the cycle can start again.
As with any major advance, the results 
and interpretations of the Sun et al. 
study suggest more experiments. For 
this T4 system, high-resolution imaging 
of the assembled gp17 rings with bound 
substrates and nucleotides would be 
invaluable to resolve the molecular basis 
for ATP-regulated transitioning between 
states. Whether this mechanism for cou-
pling ATP hydrolysis to mechanical work 
through electrostatic interactions is con-
served in other viruses and whether it 
is a general mechanism by which other 
molecular motors function also remain 
questions for future exploration.
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